Cell size is specific to each species and impacts their ability to function. While various 1 phenomenological models for cell size regulation have been proposed, recent work in 2 bacteria have demonstrated an adder model, in which a cell increments its size by 3 a constant amount between each division. However, the coupling between cell size, 4 shape and constriction, remain poorly understood. Here, we investigate size control 5 and the cell cycle dependence of bacterial growth, using multigenerational cell growth 6 and shape data for single Caulobacter crescentus cells. Our analysis reveals a bipha-7 sic mode of growth: a relative timer phase before constriction where cell growth is 8 correlated to its initial size, followed by a pure adder phase during constriction. Cell 9 wall labeling measurements reinforce this biphasic model: a crossover from uniform 10 lateral growth to localized septal growth is observed. We present a mathematical 11 model that quantitatively explains this biphasic mixer model for cell size control.
13
We recently introduced a technology that enables obtaining unprecedented amounts of precise 
20
Competing models for size control include cell division close to a critical size (sizer) [11] or at a 21 constant interdivision time (timer), equivalent to a critical multiple of the birth size with a constant 22 growth rate [1] . Analysis of single-cell data show that cell size at division is positively correlated 23 with the cell size at birth [1, 4, 5, 12, 13] , thus precluding a sizer model. In addition, a negative cor- 
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RESULTS
37
We use a combination of microfluidics and phase-contrast microscopy for high-throughput, live-cell 38 measurements of cell shape dynamics of single C. crescentus cells [1, 2, 22] . As a population of 39 cells is controllably attached via a stalk and holdfast to the coverslip surface in the microfluidic 40 channel, our measurements allow obtaining accurate and precise data of single cell shape and 41 growth for >10000 generations for >250 cells under steady environmental conditions. From the 42 splined cell contours of the acquired phase-contrast images (Fig. 1a) , we determine various cell 43 shape parameters, such as the length of the cell midline axis (l), cell width, and the radius of 44 curvature of the midline. As reported previously, l increases exponentially, l(t) = l(0)e κt , with we use the length as a metric for cell size.
49
Mixer model of cell size control. We first analyzed the correlation between cell size at birth, 50 l(0), and at division, l(τ ), which describes the strategy for cell size control. Previously [1] , the 51 relationship between cell size at birth and at division was described by fitting the data with only 52 pure timer (l(τ ) = al(0), a is a proportionality constant) and adder (l(τ ) = l(0) + δ) models. Here, 53 consistent with [10], we find that cell size correlation in that same dataset can be best described by 54 a model that combines both adder and timer components: l(τ ) = al(0) + δ, with a slope of a = 1.25
55
and an intercept δ = 1.39 µm ( Fig. 1b ; Supplementary Note 1; Supplementary Fig. 1 ). The value 56 of the slope should be contrasted with 1.8 [1] , the multiple expected for a size ratio 0.55 between 57 the daughter cells. While the interdivision times, τ , and the growth rates, κ, fluctuate between 58 cells and across generations, positive δ implies that larger cells divide more quickly than smaller 59 cells [4, 5, 7, 13] , as shown by the conditional probability P (κτ |l(0)/ l(0) ) for various ranges of l(0)/ l(0) . These The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/047589 doi: bioRxiv preprint first posted online Apr. 8, 2016;  with attributes of both timer and adder, i.e. a mixer. Furthermore, we find that this mixer model 69 is conserved in the temperature range 14 • C-34 • C ( Supplementary Fig. 2, 3) . Interestingly, cells 70 at 37 • C behave as a perfect adder, which suggests that adder-like behavior may be elicited by 71 experimental conditions. For C. crescentus, 37 • C is the extreme upper limit for viable cell growth.
73
Relative timer phase prior to cell wall constriction. Since a mixer model implements a 74 timer and an adder component serially, we examined our single cell shape data [2] to determine 75 a crossover in growth behavior. We find that the constriction dynamics in individual generations 76 exhibit a biphasic behavior, with an initial period of slow constriction followed by a phase of 77 fast constriction (Fig. 2a) . We determine the crossover time, t c , by fitting piecewise exponential constriction is uncorrelated with cell size, the added size in the constriction phase, δ = l(τ ) − l(t c ), 94 also shows no correlation with l(t c ) (Fig. 2e ). This suggests a pure adder model of cell size control 95 for t c < t < τ , such that the distribution of the added size is independent of the initial cell length.
96
This adder behavior is confirmed by the collapse of the conditional distributions of the added size 97 P (δ |l(0) ) to a single curve, approximated by a log-normal distribution (Fig. 2f) [7] . Furthermore, The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/047589 doi: bioRxiv preprint first posted online Apr. 8, 2016; 
[μ�] with a mean added size ≈ 1 µm (Supplementary Fig. 9 c-d) .
102
Crossover in cell wall growth dynamics. We conducted fluorescence labeling experiments to 103 determine if we can visualize a crossover from timer to adder growth phase by selective labeling. We Fig. 3a show that 112 the flWGA intensity is spatially uniform prior to constriction (i.e., for samples at t < 50 min), 113 but exhibits a pronounced minimum at the septum as the cell-wall is invaginated (t > 50 min). 
121
This septal mode of growth has been reported earlier with D-amino acid cell wall labeling [24, 25] .
122
To quantify the spatial uniformity of cell-wall deposition for each cell in the ensemble we intro-123 duce an intensity uniformity index, D, given by the ratio of the intensity at the site of the septum 124 (I min ) to the mean of the maximum intensities (I max,1,2 ) on the stalked and swarmer sides of that 125 site (Fig. 3c-inset) . D is close to unity for t < 50 min (since I min I max,1,2 ), indicating spatially 126 uniform growth (Fig. 3c) . For t > 50 min, D drops sharply to lower values, suggesting that cell 127 wall growth is localized to the septum. Fig. 3d shows the ensemble averaged intensity uniformity 128 index, D , exhibiting a smooth crossover to septal growth for t > 0.6τ .
129
Septal growth model describes biphasic constriction. To examine whether septal cell wall 130 synthesis (Fig. 3) can reproduce the observed crossover dynamics of constriction (Fig. 2) , we ( Fig. 4a) . Exponential growth of septal surface area implies [2]:
138 where v 0 is the speed of septum synthesis at t = 0, which we determine by fitting our model to the data for w min (t). Eq. (2) can be solved using the initial condition, l s (0) = 0, to derive the time-dependence of w min (t),
where l 0 = v 0 κ −1 . As a result, the dynamics of constriction are controlled by the dimensionless 139 parameter, aspect ratio l 0 /w min (0), exhibiting a crossover point (Fig. 4b) . As shown in Fig. 4b,   140 8 . 
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the model prediction for the crossover time is in excellent agreement with our experimental data, 141 and the time to the onset of constriction is insensitive to variations in l 0 /w min (0) (Supplementary 142 Note 2; Fig. 4b-inset) . This implies that t c is controlled by κ, which is consistent with the positive 143 correlation between t c and κ −1 (Fig. 4c) . The septal growth model describes a smooth transi-144 tion from predominantly lateral growth to predominantly septal growth, consistent with the data.
145
We explicitly show how the dynamics depend on the rate of transition in Supplementary Note 3
146
( Supplementary Fig. 12 ).
147
Another prediction of the septal growth model is that the interdivision times increase with 148 w min (0)/l 0 , because wider cells require more material to close the septum. Based on our model,
149
we predict a simple relation between τ and w min (0) (Supplementary Note 4) ,
151
Thus, the interdivision time is predicted to be longer for larger w min (0). We find a positive 152 correlation in our data between κτ and w min (0)/l 0 , and the mean trend in our data is in good
153
quantitative agreement with our model prediction (Fig. 4d) . Since constricting cells primarily 154 grow from the septum (Fig. 3) , the added size in the constriction phase, δ , is expected to be
155
proportional to the width of the septal plane. We find that δ is positively correlated with w min (t c )
156
( Supplementary Fig. 13b ). Furthermore, Eqs. Supplementary Fig. 13c ).
159
DISCUSSION
160
The adder phase of cell-wall growth (t > t c ) coupled with relative timer prior to constriction 161 (t < t c ) comprise a biphasic growth model for C. crescentus (Fig. 4e) . Newborn cells exhibit The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/047589 doi: bioRxiv preprint first posted online Apr. 8, 2016; pure adder behavior while C. crescentus exhibits a mixer behavior. One notable difference between 171 the species is that E. coli can initiate multiple rounds of DNA replication per cell cycle while C.
172
crescentus has a strict one-to-one correspondence between these processes. While the molecular 173 basis for the biphasic cell size control is unknown, the relative timer phase may be related to 174 the duration of chromosome replication, which is independent of cell size. Alternatively, it has 175 been suggested that nutrient uptake imposes condition-dependent constraints on surface-area-to-176 volume ratios and in turn the growth mechanism [17] . Our study provides additional insights for 177 investigating the molecular candidates regulating cell size and division control in bacteria.
178
METHODS
179
Acquisition of Experimental Data and Cell Shape Analysis. Experimental data were 180 acquired as described in [1] . In the main article we use the exact same dataset as in refs. The acquired phase-contrast images were analyzed using a custom routine in Python [1, 2] . See 
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. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/047589 doi: bioRxiv preprint first posted online Apr. 8, 2016; object (f ) and the point spread function (PSF) of the microscope (h): Intensity uniformity index. A typical intensity profile at early times (t < 50 min) is spatially 227 uniform around the cell center and then decays towards the poles. At later times, t > 50 min, the 228 intensity profile is characterized by one minimum at the septum, given by I min , and two maxima 229 at the stalked and the swarmer components, given by I max,1 and I max,2 respectively ( Fig. 3c -230 inset). At each time point, we define the growth uniformity index for each intensity profile as, 231 D = 2I min /(I max,1 + I max,2 ). I min is defined as the minimum in the intensity profile for r − 2σ < 232
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. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/047589 doi: bioRxiv preprint first posted online Apr. 8, 2016; x/l < r + 2σ, where x is the coordinate along the centerline, r is the mean ratio of the daughter cell 233 lengths, and σ is the standard deviation in daughter cell length ratio. Let x min denote the location 234 of I min along the centerline coordinate. Then I max,1 is defined as the maximum in the intensity 235 for x < x min and I max,2 is the maximum in the intensity profile for x > x min . Thus, for t ≤ 50,
236
I min I max,1 I max,2 and D 1. Whereas for t ≥ 50 min, I min represents the flWGA intensity 237 value at the septum and is lower than both I max,1 and I max,2 .
238
Crossover analysis from experimental data. To determine the crossover time, t c , from the 239 data on w min , we fit the following piecewise linear function to ln (w min ): 
241
with four undetermined parameters a, b, c and t c obtained using a built-in curve fitting function 242 in Mathematica. A representative fit is given in Supplementary Fig. 5a , where t c is the point of 243 intersection of the two lines. We then compute the metric Dw(t) = w i min (t)−w min (t), where w i min = 244 e at+b (Supplementary Fig. 5b ). Constriction is estimated to initiate when the metric Dw exceeds 245 a threshold of 0.05 µm, which is equal to a single image pixel. The crossover time, t c , is taken to 246 be 3 frames prior to the frame when Dw crosses the threshold value ( Supplementary Fig. 5b ), such 247 that the determination of t c is robust to noise. We find the location for t c is significantly spread out 248 across generations when w min (t) is plotted against absolute time ( Supplementary Fig. 5c ). When 249 the constriction curves are aligned from the end of the cycle, as in Ref.
[17], the individual curves 250 collapsed, although the spread for t c is significant (Supplementary Fig. 5d ). By contrast, when 251 the constriction curves are plotted against relative time, as shown in Fig. 2b , the locations of the 252 crossover, t c /τ , are much better aligned across generations.
253
Data availability. The data that support the findings of this study are available from the corre-254 sponding authors upon request. 
